OBJECTIVES: Gamma-glutamyltransferase (GGT) is a biomarker of liver disease and oxidative stress which was associated with all-cause and cardiovascular (CV) mortality in the general population and in patients with high risk conditions. This study aims at assessing whether oxLDL modifies the relationship between GGT, all-cause, and CV mortality in elderly individuals from the general population. DESIGN: Observational longitudinal study. SETTING: Population-based cohort of older individuals (>65 years) free of liver disease. PARTICIPANTS: One thousand and thirty-eight individuals from the Invecchiare in Chianti (InCHIANTI) study. MEASUREMENTS: Serum GGT level, oxidized low-density lipoprotein (oxLDL), CV comorbidities, all-cause and CV mortality. RESULTS: The median age of the study population (n = 1,038) was 74 years (inter-quartile range: 69-79), 152 individuals (15%) had past CV events. During a median follow-up of 9 years, 401 individuals died, 168 of them (42%) for CV causes. In adjusted analyses, GGT predicted allcause mortality (HR for 20 U/L increase in serum GGT: 1.11, 95% CI: 1.02-1.21, P = .02) and CV mortality (HR: 1.17, 95% CI: 1.03-1.33; P = .02). Furthermore, in an analysis for interaction circulating oxLDL amplified the effect of GGT on all-cause mortality (P = .003). CONCLUSION: Circulating oxLDL amplifies the effect of GGT on mortality in the elderly. The mechanism for this association remains unknown and requires further research, including studying the potential role of GGT in oxidative stress. These results are consistent with the hypothesis of a causal role of GGT in the CV morbidity and mortality in older individuals and indicate that oxLDL plays a crucial role in the interpretation of the link between GGT and the risk of adverse clinical events in this population. J Am Geriatr Soc 65:e77-e82, 2017.
A
ging is characterized by a progressive decline of anatomic integrity and function across multiple tissues and organs. A number of mechanisms have been proposed to drive the aging process, including accumulation of damaged macromolecules due to oxidative stress. 1 Gamma-glutamyltransferase (GGT), a multifaceted biomarker impinging upon oxidative stress, 2, 3 emerged as a risk factor for all-cause and cardiovascular (CV) mortality in population-based studies independent of liver disease and alcohol intake. 4, 5 GGT has been detected within atherosclerotic plaques of cerebral and coronary arteries where it colocalizes with oxidized low-density lipoprotein (oxLDL). 6, 7 In theory, such a co-localization may be key to the interpretation of oxidative stress damage in the arterial system.
In the sole study in an elderly cohort testing the relationship between GGT and mortality and CV events, this biomarker was a direct predictor of adverse clinical outcomes, 8 which contrasts with age-stratified analyses in community-based studies where GGT predicted mortality in the young and middle-age strata but not in the elderly. 9 -12 Herein, we tested the relationship between GGT and all-cause and CV mortality in a populationbased cohort of elderly individuals (n = 1,038) from the Invecchiare in Chianti study, which enrolled a random sample of people older than 65 years living in the Chianti area in Tuscany and followed up them for a median time of 9 years. In light of the pathophysiological relationship between GGT and oxLDL alluded to before, 6 a pre-specified goal of the present study was testing whether oxLDL modifies the relationship between GGT, CV and all-cause mortality.
METHODS

Study Population
The elderly InCHIANTI 13 population included 1,155 participants aged between 65 and 102 years randomly selected from residents in the Chianti geographic area. The baseline data collection started in September 1998 and lasted until March 2000; thereafter, participants were fully re-evaluated every 3 years and the fourth follow-up is still ongoing.
The present study was performed on 1,038 participants out of the 1,155 original cohort because we excluded individuals with missing serum GGT (n = 112), documented liver disease (n = 4) or because of extremely high serum level of GGT (n = 1) identified as a statistically significant outlier (GGT = 565 U/L) by Grubbs' test (P < .001).
Alcohol consumption was assessed by self-reported daily intake of wine, beer, and spirits. The content of ethyl alcohol was calculated as follows: 5 g ethyl alcohol in 100 mL of beer, 13 g in 100 mL of wine, and 50 g in 100 mL of spirits. In agreement with WHO Guidelines, 40 g/d ethyl alcohol for males and 20 g/d for females were taken as a cut-off for identifying heavy drinkers.
Follow-Up and Incident Study Outcomes
The primary outcomes were all-cause and CV mortality. After the enrolment, individuals were monitored for a median of 9 years (ranging from 0.15 to 10.5 years). CV deaths were classified following ICD9 diagnosis codes from 410 to 438.
Laboratory Measurements
Serum GGT was measured through an enzymatic colorimetric assay using a Roche analyzer (Roche Diagnostics, GmbH, Mannheim, Germany). The minimum detectable threshold was 3 U/L and the measure range was 3 to 1,200 U/L. The intra-assay coefficient of variation (CV) was 1.5% and the inter-assay CV was 1.4%. The normal values considered for GGT were: 10 to 50 U/L in men and 10 to 38 U/L in women. Oxidized LDL was measured using an enzyme-linked immunoassay (ELISA) kit (Mercodia AB, Uppsala, Sweden). The intra-assay and the interassay CV was 6% and 5%, respectively. High sensitivity C-reactive protein (CRP) was measured by a colorimetric competitive immunoassay that uses purified protein and polyclonal anti-CRP antibodies. The minimum detectable threshold was 0.03 mg/L and the inter-assay CV was 5%. Homocysteine were measured by fluorimetric polarized immunoassay method (IMX; Abbott Laboratories, Chicago, Illinois, USA). The minimum detectable threshold was 0.5 lmol/L and the inter-assay CV was 4.3%.
Statistical Analysis
Cross-sectional data were analyzed by univariate and multiple linear, logistic and Cox regression analyses. Multiple models included GGT as well as traditional risk factors (age, gender, smoking, diabetes, LDL cholesterol, and blood pressure), factors peculiar to liver disease (transaminases, alkaline phosphatase, alcohol consumption), BMI, hemoglobin, oxidized LDL, C-reactive protein (CRP), homocysteine, and creatinine clearance. To account for over-fitting (i.e., when the number of covariates overcame 1 variable every 10 study outcomes) a shrinkage correction was applied to Cox and logistic regression models.
14 A backward elimination strategy was applied to logistic regression analysis. Interaction analysis was performed by the standard linear combination method. The proportionality assumption was tested by analyzing the Schoenfeld residuals and no violation was found. The functional form of key-covariates (including interaction term) was investigated by the analysis of Martingale residuals and the use of both risk factor (GGT) and effect modifier (oxLDL) as continuous variables resulted to be the best functional form for capturing the risk of all-cause and CV mortality explained by this biomarker. To assess whether early deaths could affect the study results a sensitivity analysis excluding patients who died within the first year from the enrolment was carried out. Furthermore, to minimize the potential distortion of heavy drinking (>40 g/d ethyl alcohol for males and 20 g/d for females) a sensitivity analysis excluding heavy drinkers was performed. Data were expressed as odds ratio (OR), hazard ratios (HR), 95% confidence intervals (CI), and P values, as appropriate. All analyses were performed by standard statistical packages (SPSS for Windows Version 9.0.1, 11 Mar-1999, Chicago, Illinois; STATA/SE 9.0 StataCorp LP, TX).
RESULTS
The main demographic and clinical characteristics of the study population are summarized in Table 1 . The study cohort included 1,038 subjects (43% males) with a median age of 74 years (inter-quartile range: 69-79). Biochemical parameters, including liver enzymes, were in the normal range and the mean value and SD of oxLDL was 42 AE 13 U/L.
Clinical and Functional Correlates of GGT
Serum levels of GGT had a left skewed distribution with a median value of 19 U/L (inter-quartile range: 14-28 U/L). In a multiple linear regression model, including all univariate correlates of GGT (Table S1 ), the independent correlates of this biomarker were ALT, male gender, C reactive protein, alcohol consumption, alkaline phosphatase, hemoglobin, CV comorbidities, oxLDL, and homocysteine whereas AST, creatinine clearance, BMI, smoking, age, systolic BP, LDL cholesterol, diabetes, and lipid lowering agents were not (P ranging from 0.28 to 0.99) (Table S1 ).
GGT and Past CV Events
At baseline, 207 past CV events occurred in 152 individuals. In detail, myocardial infarction in 25 cases, coronary surgery/angioplasty in 16 cases, stroke in 36 cases, angina in 34 cases, and peripheral vascular disease in 96 cases. In logistic regression analysis, GGT adjusted for age and sex e78was associated (P = .03) with past CV events (OR: 1.14, 95% CI: 1.01-1.27). In a parsimonious backward logistic regression model adjusting for age, sex, CRP, alcohol consumption, ALT, and diabetes the OR of a 20 U/L increase in GGT for the risk of past CV events was 1.23 (95% CI: 1.06-1.43; P = .01). Furthermore, the GGT-CV link was confirmed in a multiple logistic regression model ((OR: 1.24, 95% CI: 1.07-1.44; P = .005); (shrinkage corrected OR: 1.19, 95% CI: 1.02-1.39; P = .02)) adjusting for the full list of traditional and non-traditional risk factors considered in this study (Table S2) .
GGT, All-Cause and CV Mortality
During the follow-up period (median 9 years, range 0.15-10.5 years), 401 individuals died, 168 of them (42%) for cardiovascular causes. In an age and sex adjusted Cox regression model, 20 U/L increase in serum GGT signaled a parallel 10% increase in the risk of all-cause mortality (HR: 1.10, 95% CI: 1.03-1.18, P = .007). In a multiple Cox regression analysis adjusting for the same set of variables applied in the multiple logistic regression model (Table S3) , GGT was confirmed as an independent risk factor of mortality (HR (20 U/L increase):1.11, 95% CI: 1.02-1.21, P = .02). Similarly, GGT predicted CV mortality both in age and sex adjusted model (HR: 1.12, 95% CI 1.01-1.24; P = .04) and in an analysis ((HR: 1.17, 95% CI: 1.03-1.34; P = .02); shrinkage corrected HR: 1.17, 95% CI: 1.02-1.33; P = .02)) adjusting for the same set of variables applied in the multiple logistic regression model. In sensitivity analyses (N = 937) excluding patients who died for malignancies or within 1 year from the enrolment, the HR of GGT for all-cause (HR (20 U/L increase):1.13, 95% CI: 1.02-1.25, P = .02) and CV death (shrinkage corrected HR: 1.17, 95% CI: 1.03-1.34, P = .02) remained the same.
GGT and Clinical Outcomes: Effect Modification by Oxidized Low-Density Lipoprotein (LDL)
Because oxLDL and GGT reflect reactive oxygen species burden, we hypothesized that coexistence of high oxLDL and GGT may amplify the risk for all-cause and CV mortality in the elderly population of the InCHIANTI study. Oxidized LDL per se failed to show a meaningful link with all-cause and CV death (HR: 0.99 for both outcomes). However, oxLDL amplified the effect of GGT on all-cause mortality both in age-and sex-adjusted Cox models (P for the effect modification = .001) and adjusted analyses (P for interaction = 0.003) ( Table 2 ). As shown in Figure 1 , the risk excess for all-cause mortality portended by a fixed increase in GGT (20 U/L) was progressively higher across increasing values of oxLDL. A sensitivity analysis excluding individuals who were heavy drinkers (n = 194), confirmed the oxLDL-GGT interaction for all-cause mortality (P < .001). Of note, this interaction was specific because no similar effect modification existed for AST, ALT, CRP, smoking, alcohol consumption, and other traditional or non-traditional risk factors (P ranging from .16 to .97).
An interaction analysis carried out to test the effect modification by oxLDL on the GGT-CV mortality link (Table S4) showed a similar trend in age-and sex-adjusted Cox model (P for interaction = .02) but this interaction just failed to achieve the formal statistical significance in both a fully adjusted analysis (P for interaction = .08) and a sensitivity analysis (P = .18) excluding heavy drinkers.
DISCUSSION
In this cohort study conducted in older persons living in the Chianti area of Italy, serum GGT levels associated with history of CV disease and predicted the risk for allcause and CV death independently of other risk factors, including liver disease and alcohol consumption. Furthermore, in a pre-specified interaction analysis circulating oxLDL amplified the effect of GGT on mortality.
Meta-analyses of studies in the general population and in high risk conditions 4, 5 coherently showed that GGT predicts an excess risk for death and fatal CV events. Importantly, the excess risk by GGT for these outcomes is largely independent of liver disease and alcohol consumption (i.e., the two major environmental factors responsible for raised GGT in human diseases). Of note, the strength of the association between GGT and all-cause mortality was second only to that by age and CRP and the same outcome, further emphasising the relevance of non-traditional risk factors in the elderly. 15 The vast majority of these studies were based on cohorts of young and middleaged adults. 4, 5 Until now just one community study specifically focused on an elderly population (the Rancho Past CV events were defined as the presence of at least one of the following documented comorbidities at enrolment: myocardial infarction, angina, peripheral vascular disease, stroke or coronary surgery/angioplasty. Data are expressed as mean AE SD, median and inter-quartile range or as percent frequency as appropriate. Abbreviations: BMI = body mass index; BP = blood pressure; LDL = low-density lipoproteins; GGT = gamma-glutamyltransferase; AST = aspartate aminotransferase; ALT = alanine aminotransferase; oxLDL = oxidized low-density lipoproteins.
Bernardo study). 8 In this elderly population, GGT emerged as an independent predictor of all-cause and CV death. This observation contrasts with age-stratified analyses in the Minnesota Heart Survey where GGT was unrelated to CV death in people older than 70 years. 9 Similarly, GGT failed to predict CV mortality in men older than 55 years in the British Regional Heart study cohort. 12 Remarkably, an age-dependent attenuation of the health risk signalled by GGT was registered not only for the independent risk of CV death 16 but also for the incident risk of cancer.
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The age-dependent attenuation of the risk by GGT on major clinical outcomes suggests that the duration of exposure to this risk factor is critical to explain its link with adverse outcomes. In other words, shorter life expectancy in elderly people and competing risks by other diseases may prevent capturing any underlying link between GGT and mortality or CV disease in the elderly. The InCHIANTI study is based on a cohort of prevalently healthy elderly people. Life expectancy in Tuscany (85 years for women and 80 years for men) is among the longest worldwide and the InCHIANTI study has a quite long follow-up with a median time of observation of 9 years. In this prevalently healthy cohort in subjects free of liver disease at baseline, GGT emerged as coherent predictor of death and fatal CV events independently of traditional (Framingham) and non-traditional risk factors including alcohol intake as well as CRP 18 and homocysteine, 19 two established predictors of adverse outcomes in the elderly. High GGT is considered as a major biomarker of non-alcoholic fatty liver disease (NAFLD) 20 which is seen as a manifestation of metabolic syndrome. 21 However, both in our study and in the Rancho Bernardo study 8 the link between GGT and mortality was largely independent of BMI and other variables underlying the metabolic syndrome suggesting that the independent risk of GGT for adverse clinical outcomes may underlie mechanism other than the metabolic syndrome.
GGT plays a crucial role in oxidative processes favouring the cellular supply of glutathione (GSH), the major thiol antioxidant in human body. 2 GGT is ubiquitously expressed to the cell-surface where it promotes the extracellular catabolism of GSH, allowing for precursor amino acids to be internalized and reused for intracellular GSH synthesis in a continuous "GSH cycling" across the plasma membrane. 22 Accordingly, GGT associates directly with F2-isoprostanes, an established marker of oxidative stress 23 and inversely with serum antioxidants. 24, 25 On the other hand, experimental data exists indicating that GGT may trigger the production of ROS via a sulphur di-aminoacid (cysteinyl-glycine) generated from GSH hydrolysis. 22, 26 Because GGT in atherosclerotic plaques co-localizes with oxLDL, this co-localization may be critical in the pathogenesis of atherosclerosis, 6 a possibility supported by the observation that circulating GGT is bound to LDL. 27 In a pre-specified interaction analysis we found an effect modification by oxLDL for the risk of death predicted by GGT levels. We observed a similar interaction for fatal CV events but, perhaps due to the relatively limited number of events, this effect just failed to achieve statistical significance (P = .07). Such an interaction suggests that GGT levels may underlie a mechanism which amplifies the toxic effects of oxLDL on the vascular system or vice versa.
In conclusion, in this cohort study in a population of relatively healthy elderly people, GGT is directly associated with the incident risk of all-cause and CV death independently of a large set of potential confounders and circulating oxLDL amplifies the effect of GGT on all-cause but not CV mortality in older adults. This study supports the contention that GGT may have a role in oxidative stress-mediated adverse health outcomes in the elderly. Figure 1 . Effect modification of oxLDL levels on the GGTmortality link (adjusted for age, gender, smoking, BMI, LDL cholesterol, C reactive protein, systolic BP, alkaline phosphatase, hemoglobin, alcohol consumption, AST, ALT, homocysteine, diabetes, creatinine clearance, and past CV events).
The hazard ratio for all-cause mortality portended by a fixed increase (20 U/L) in serum GGT is reported on the left scale. The continuous line represents the shape of the hazard ratios throughout oxLDL levels and the dotted lines the corresponding 95% CI. In the background the distribution of oxLDL is plotted and the number of patients corresponding to each column of the histogram is reported on the right scale.
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